ABSTRACT Background: Food is a powerful reinforcer that motivates people to eat. The relative reinforcing value of food (RRV food ) is associated with obesity and energy intake and interacts with impulsivity to predict energy intake. Objective: How RRV food is related to macronutrient choice in ad libitum eating tasks in humans has not been studied; however, animal research suggests that sugar or simple carbohydrates may be a determinant of reward value in food. This study assessed which macronutrients are associated with food reinforcement. Design: Two hundred seventy-three adults with various body mass indexes were assessed for RRV food , the relative reinforcing value of reading, food hedonics, energy intake in an ad libitum taste test, and usual energy intake derived from repeated 24-h dietary recalls. Multiple regression was used to assess the relation between predictors of total energy and energy associated with macronutrient intake after control for age, sex, income, education, minority status, and other macronutrient intakes.
INTRODUCTION
Food is a powerful reinforcer that motivates people to eat (1) . Food reinforcement is associated with energy intake in laboratory ad libitum eating tasks (2, 3) , because those who find food more reinforcing have greater energy intakes. Obese people consume more food than their leaner peers, and food is more reinforcing for obese than for lean people (2, 4, 5) . The identification of food as a powerful natural reinforcer for behavior has led to speculation that food may produce addictive behaviors similar to those associated with drug addiction (6) (7) (8) (9) . The most studied component of food potentially related to the strong self-administration characteristic of drug addiction is sugar. Animals will respond to self-administer sugar and increase responding after deprivation, similar to responding for drugs of abuse (10) . Responding for sugar meets many of the general characteristics of addictions, including bingeing and escalation of sugar intake (11) , withdrawal (12, 13) , craving (10, 14) , and sensitization to other drugs (15) (16) (17) .
Food reinforcement has been studied by using a wide variety of snack and entrée foods (2) (3) (4) (5) and sweetened caffeinated beverages (18) . However, to our knowledge, no research has been conducted in humans to attempt to relate reinforcing properties of food to particular characteristics of food, such as the macronutrient or sugar content of the food. Our approach to relating food reinforcement to eating is to assess the breakpoint for subjects working for their favorite snack food or an alternative noneating activity and in a separate session to measure ad libitum energy intake in a snack "buffet" taste test that includes the subject's favorite snack food and other snack foods that vary in their macronutrient composition (2, 19) . This provides the opportunity to relate the relative reinforcing value of food (RRV food ) to the macronutrient composition of the snack foods that were studied.
A secondary aim was to compare the reinforcing value of snack food compared with the hedonic value of snack foods as predictors of energy intake. A central prediction of incentive salience theory (20, 21) , as extended to natural rewards such as food (22) (23) (24) , is that the incentive value of food is a more powerful influence on energy intake than is liking of food. Food reinforcement is not identical to the incentive value of a food; however, these 2 constructs are related (25) , which provides an opportunity to evaluate this prediction in a large sample extending previous observations of this relation in a smaller sample (3).
SUBJECTS AND METHODS

Participants
The participants were 273 adults (79 nonobese women, 72 nonobese men, 60 obese women, and 62 obese men) who participated in a study of genetic factors associated with food reinforcement. Participants were recruited from an existing family database, newspaper ads, flyers posted around the University at Buffalo campuses and in community settings, Web-based sources (eg, ads on Craig's list and on the department's website), and direct mailings targeted to community residents between the ages of 18-50 y. Participants were excluded from the study if they were taking medications associated with loss of appetite, were smokers, had diabetes, had a previous diagnosis of an eating disorder or psychiatric disorder (eg, anxiety, depression, and attention-deficit hyperactivity disorder), were allergic to the ingredients in the study foods, were currently dieting, were pregnant, and did not rate at least a moderate liking (4 on a 9-point Likert-type scale) for 5 of the 6 study foods. Participants received a $50 gift certificate to local stores for completing the study. Recruitment began in January 2008 and continued throughout June 2010. The study was approved by the University at Buffalo Health Sciences Institutional Review Board. The participants' characteristics are shown in Table 1 .
Procedures
The participants visited the laboratory for 2 sessions: an ad libitum snack-eating task and a food-reinforcement task. Both experimental sessions were scheduled between the hours of 1400 and 1700, during a time when the individuals would normally consume additional calories outside of meal time (26, 27) . The participants were asked to refrain from consuming food or drinking beverages, other than water, for 3 h before the test session and to refrain from consuming the experimental foods in the 24 h before the test session. On initial arrival to the laboratory, participants read and signed consent forms and completed a same-day and 24-h food recall and hunger questionnaires. The participants were provided a choice of 2 isocaloric energy bar preloads (Clif Bar & Company; Berkeley, CA; 42 g, 150 kcal, 4 g fat, 23 g carbohydrates, 7 g protein) after collection of the baseline hunger questionnaire measure to minimize the effects of hunger on energy intake and food reinforcement. The inclusion of a standard preload increases the ability to show individual differences in food reinforcement (28) . Demographic information, height and weight measurements, and 3 dietaryhabits questionnaires were administered at the end of the ad libitum eating session.
Ad libitum eating task
The ad libitum food-consumption task was presented as a taste test. The participants were presented multiple servings of 6 palatable, high-energy-density snack foods that were of similar energy density (4.5-5.4 kcal/g) but that varied in fat, carbohydrate, and total sugar content ( Table 2) . Water was provided ad libitum. The participants were told that they could consume as much or as little of the food that they wanted as long as they tasted each food so that they could accurately rate the food's characteristics. The participants rated each food on many different characteristics, including pleasurability, sweetness, blandness, flavorfulness, and bitterness using 9-point Likert-type scales. Participants were then given the Three-Factor Eating Questionnaire (TFEQ) (29) , the Questionnaire of Eating and Weight Patterns (QEWP) (30) , and the Binge Eating Scale (BES) (31) to complete. Food from the taste test was left in the room, and the participants were told that the food would be discarded after the session and that they could continue eating if they chose to do so. When the participants indicated that they were finished eating, they were asked to identify their favorite food from among the 6 available foods and were told that this was the food that would be used in the next test session. The participants' height and weight measurements were taken, and they were reminded of the next visit (food reinforcement session), which was scheduled 2-3 wk after the ad libitum eating session.
Food reinforcement task
RRV food was measured by determining the number of responses (mouse button presses) participants made for food or food alternatives on progressive ratio schedules of reinforcement. The experimental environment included 2 computer stations that participants could go back and forth between. At one station, participants could earn points toward food and at the other station they could earn points for time to spend reading Time and Newsweek magazines. This alternative activity was provided to reduce the likelihood that participants would engage in responding out of boredom. Participants were instructed on how to use the computer task and were allowed a practice session. After the instructions for the task were provided, the experimenter left the room. An intercom and closed-circuit video system were present in the room so that the experimenter could observe the participant and the participant could communicate with the experimenter.
The program used for the reinforcement task is similar to a slot machine, having shapes that rotate on a screen. A point is earned each time that the 3 shapes that appear match in shape and color. For every 5 points earned, the subject was able to receive a 70-101-kcal (14-20-g) portion of his or her preferred snack food, which had been selected during the ad libitum eating session, or 2 min of time to spend reading, depending on which reward they were working for. The programmed reinforcement schedules for food and reading were progressive fixed-ratio schedules with response requirements of 4, 8, 16, 32, 64, 128, 256, 512, 1024, 2048 and so forth for each point. The participants were instructed to perform one activity at a time (ie, play the computer game, eat, or read) and that the session would end when they no longer wished to earn points for access to food or time to spend reading. Water was provided ad libitum. The breakpoint, or P max (32) , which was the last schedule (4, 8, 16, 32, etc) at which subjects met response requirements for access to the food or nonfood alternative, was calculated for each alternative. In addition, the proportion of breakpoint for food compared with the alternative (RRV prop ) was calculated (P max food )/(P max food + P max reading ) to have a metric for the relative value of food to a noneating alternative. The analyses showed that that proportional measure was a better predictor of intake than were the reinforcement measures considered separately, and the proportional measure was used for all analyses.
Measurement
Dietary recalls
At the beginning of each session, the participants were interviewed by the experimenter, using a multipass same-day and 24-h food recall, to verify that the participants complied with the study protocol, that they had not consumed food or drink (except water) 3 h before the appointment, that they had not eaten the preferred snack food in the 24 h before the appointment, and to quantify usual energy intake. Briefly, the first pass included making a quick, uninterrupted list of all the foods and beverages consumed. For the second pass, the experimenter reviewed the quick list and probed for any large gaps of time between eating bouts. For the third pass, the experimenter returned to the beginning of the list and asked for portion sizes and any condiments, fats, and sugars that may have been added to the food item. The final pass was to prompt the participants to recall any other foods that they may have forgotten to report, such as foods that were eaten in small amounts. Measuring cups and spoons, rulers, and pictures of food portions were provided to help the participants estimate portion sizes. The total number of calories consumed was calculated for the recall based on manufacturers' labels and the Food Works nutrition database (33). Usual energy intake was calculated based on a 2-d average of the 24-h dietary recalls collected on the day before the testing days. 
Height and weight
Eating questionnaires
The participants were excluded if they currently had an eating disorder or if they had a history of an eating disorder. This was determined in 2 stages. First, the participants completed the TFEQ (29), the QEWP (30), and the BES (31). The TFEQ is a validated instrument used to detect dietary restraint (35) and contains 3 subscales that assess dietary restraint, hunger, and disinhibition. The QEWP and BES are used to assess bingeeating disorder. The participants were identified as potentially having a binge-eating disorder if they scored .27 on the BES or were indicated as having the disorder by the QEWP. Because diagnoses cannot be made on the basis of questionnaire scores, in a second stage, any participant identified as potentially having an eating disorder completed the Eating Disorders Examination (36), which was administered by trained personnel in an additional session. One participant was excluded for having an eating disorder.
Food liking and hunger
Subjective ratings of hunger were collected before and after intake of the preload and after both test sessions by using a 10-point Likert-type scale. Food hedonics were also measured before and after intake of the preload and after the session for the foodreinforcement session. For hunger, 1 indicated "not hungry at all/ not full at all" and 10 indicated "extremely hungry/extremely full," whereas for hedonics 1 indicated "do not like at all" and 9 indicated "like very much."
Analytic plan
The goal of the analyses was to establish the independent effects of food hedonics and the proportion of responding for food on total energy intake or energy intake for fats, carbohydrates, sugar, and protein by using hierarchical linear regression analyses. Age, sex, minority status, education, and BMI were included as covariates in the initial set of regression models. However, because all of the foods that were studied were complex foods, consisting of a mixture of fat, carbohydrates, and protein, it is necessary to control for the other macronutrients to assess the independent relation between relative reinforcing value of food to fat, carbohydrates, protein, or sugar. Thus, in the second set of regression models, the other macronutrients were included as control variables in the model. The data were entered and analyzed by using SYSTAT 11 (37) .
RESULTS
The regression model to predict laboratory energy intake (Table 3) showed that RRV prop was a strong predictor of energy intake (P = 0.00002), but liking of the favorite food used in the reinforcing value task was not a significant predictor (P = 0.83). Average liking for all foods used in the ad libitum task also was not significant in place of liking of favorite food (P = 0.51). With the use of similar covariates, RRV prop was a significant independent predictor for dietary fat (b = 109.91, P , 0.00001), carbohydrate (b = 123.05, P , 0.00001), protein (b = 41.25, P = 0.00047), and sugar (b = 70.78, P , 0.00001). However, when the other macronutrients were controlled for, RRV prop was only related to sugar intake (b = 13.24, P , 0.04) and not to fat, total carbohydrate, or protein intake ( Table 4) . The relation between RRV prop and sugar energy intake is shown in Figure 1 , with RRV prop divided into those with low allocation of responding for food (RRV prop , 0.2), moderate allocation of responding for food (RRV prop 0.2 and ,0.5), and greater allocation of responding for food than the alternative (RRV prop 0.5).
The regression models were also computed by using both the absolute reinforcing values for food and reading considered separately, rather than as a proportion of responding. The models showed that food reinforcement, but not reading reinforcement, was a predictor of laboratory energy, fat, carbohydrate, protein, or sugar intake (P , 0.0005). However, when the other macronutrients were controlled for, the individual reinforcing value of food measure was not related to fat (P = 0.38), carbohydrate (P = 0.86), protein (P = 0.22), or sugar (P = 0.17) intake.
With the use of Pearson product-moment correlations, RRV food was related to energy intake in the laboratory (r = 0.30, P , 0.001) and to energy intake from repeated 24-h recalls (r = 0.28, P , 0.001). Energy intake in the laboratory was related to energy intake assessed by dietary recall (r = 0.33, P , 0.001), and macronutrient intake in the laboratory was related to usual macronutrient intake for fat (r = 0.30, P , 0.001), carbohydrate (r = 0.25, P , 0.001), and protein (r = 0.24, P , 0.001) assessed by repeated 24-h recalls. 
DISCUSSION
This study replicated previous observations that RRV food is related to laboratory energy intake (2, 3) and is a stronger predictor of intake than is the hedonics of that food (3). The new finding is that, after control for the presence of other macronutrients, the relative reinforcing value of food is only related to sugar intake. This finding is consistent with a large body of basic science on sugar as a characteristic of food that is related to RRV food or a food reward (6). To our knowledge, this is the initial demonstration of sugar as a component of food as a reinforcer in humans.
This research replicates previous research showing that RRV food is greater for obese than for leaner participants (2, 4, 38) . The positive association between food reinforcement and energy intake provides a mechanistic link between food reinforcement and obesity. The relation between the reward value of food and obesity has led to considerable interest in research on whether food can be considered an addictive substance, and, if so, which component or components of food may be addictive. Previous research has shown that RRV food may sensitize in obese persons, and the amount or dose of food is related to the degree of sensitization (39, 40) . In addition, considerable evidence indicates that people crave the foods that they usually eat (6, (41) (42) (43) , and people may develop tolerance to food (44) in a similar manner to how people develop tolerance to drugs, which may drive increased eating or binges. Good evidence from animal studies indicates that food can be considered an addictive substance (6) , and this study supports the hypothesis that sugar is a component of food that drives reinforcement of reward processes.
This study had some limitations. The variety of foods that the participants could choose to eat was limited and these foods were all complex, containing a mixture of macronutrients. The relation between food reward and a specific macronutrient or sugar can be studied by using foods that vary only in that component. For example, to assess the reinforcing value of sugar, it would be ideal to manipulate access to foods that vary only in the amount of sugar they contain, with other macronutrients being equal. This could be done by using sweetened beverages, such as soda. This is an excellent vehicle for administering doses of sugar, because it is commonly consumed and its reinforcing value has been researched; however, previous research focused on its caffeine content and not on its sugar content (18) . Of course, the reinforcing value of beverages may be different from that of solid foods (45, 46) ; however, there are solid foods that can be used as a vehicle for providing different amounts of sugar, such as gelatin (47) . People also consume a lot of food that contains fat, and because of its higher energy density, fat may contribute more to positive energy balance than does sugar. While rats will respond to self-administer pure dietary fat (48, 49) , humans do not consume fat on its own, but rather in combination with other components of food (50, 51) , such as combinations of fat and sugar in candy and baked goods or fat and salt in chips and fried foods. This makes it more challenging to study fat, but it is possible to use a vehicle such as milk or a dairy product, for which the fat content can be varied while keeping the contents of protein and carbohydrates the same. Whereas the current research suggests that sugar can drive food reinforcement, while the other macronutrients in the snack foods studied are statistically controlled for, it is premature to argue that fat and protein do not also drive food reinforcement without the properly designed experiments to evaluate the role of these individual components of food while keeping the other components of the food constant.
One implication of this research involves the role of different components of food on food reinforcement, with the implication that changes in the contents of macronutrients in foods would reduce the RRV food , and people would eat less. It is not surprising that more palatable foods are more reinforcing (52) , and many people may strive to improve the quality of their diets by eating healthier, although in many instances, less-palatable foods. However, it is well known that many people who deprive themselves of foods they are motivated to eat do not maintain these healthier eating habits over time (53) . This may be due in part to the fact that these healthier foods do not derive the same degree of pleasure or reinforcing value, and people return to consuming these less healthy, but more reinforcing foods. One place to focus research attention is on behavioral substitutes for less healthy foods, such that people could derive equivalent pleasure from alternative activities, and they would not have to return to consuming less-healthy, high-energy-dense foods. As observed in this study, RRV food versus alternatives was a stronger predictor of energy and macronutrient intakes than was food reinforcement alone. It is possible that people consume too much food because they do not have good alternative reinforcers to eating (54) (55) (56) . Obese people may find alternatives to eating less reinforcing than food (5) . Understanding how to increase the choice of substitutes for food may be very important in facilitating long-term changes in eating behavior (57) .
In addition, the results replicate previous findings with the use of repeated 24-h food recalls that food reinforcement is related to laboratory energy intake (2, 19) and to energy intake assessed outside of the laboratory. Previous research has shown that the reinforcing value of physical activity is related to physical activity in the natural environment, but this is the first demonstration that food reinforcement is related to energy intake in the natural FIGURE 1. Mean (6SEM) sugar energy intake by participants who were stratified by their responses to receive food or reading time (P max food /(P max food + P max reading ): low preference for food (,0.2; n = 55), moderate preference for food (0.2 and ,0.5; n = 95), or high preference for food (0.5; n = 123) relative to preference for reading. The relation between the relative reinforcing value of food compared with that of reading and sugar energy intake was P = 0.036 after control for age, sex, education, minority status, BMI, and energy intake from fat and protein. P max represents the breakpoint.
environment. This provides increased confidence in the laboratory food-reinforcement measure as relevant to usual eating as well as laboratory eating. The ad libitum taste test was related to usual energy intake, and macronutrient intake in the laboratory was related to usual macronutrient intake. This is surprising given the very limited range of foods studied, but for the average person in the study the proportion of macronutrients in their usual diet may have been similar to the proportion in the snack foods provided in the taste test. The significant relation between the laboratory taste test eating and energy and macronutrient distribution in usual eating provides strong validation for the use of the taste test to estimate usual energy and macronutrient intakes.
In conclusion, this study replicates basic animal research showing that sugar can drive food reward (6) , and opens up a new area of human research to identifying what characteristics of food most drive food reinforcement. This study also provides evidence that laboratory measures of reinforcing value and a taste test ad libitum eating task are related to usual eating, providing additional support for using laboratory measures to study human eating. The observation that RRV food provides a better index of reinforcing value than does the absolute reinforcing values of food and alternatives to food also supports the need to consider assessment of eating behavior as a function of choice. Increasing the value of substitutes for eating may be a powerful method for combating the overconsumption of high-energy-density and less healthy but highly reinforcing foods.
